ABSTRACT
The development of an effective N2-fixing symbiosis involves complex specific interactions between the host plant and Rhizobium (12, 27) . Alterations in the environment and in either the host or Rhizobium genotypes may result in an ineffective association (1, 12, 19, 27) . Several plant-determined ineffective alfalfa (Medicago sativa L.) genotypes have been developed and described by the United States Department of Agriculture, Agricultural Research Service, nitrogen fixation program at Minnesota (19) . Three of these genotypes Mn (480)In, Mn (3811)In, and Mn (3226)In form tumor-like nodules when inoculated with strains of Rhizobium meliloti that form effective nodules on normal alfalfa genotypes (28) . Although both plant-and Rhizobium-determined ineffective nodules have been studied (1, 12, 27) , the physiological and biochemical mechanisms controlling ineffectiveness are poorly understood (1, 11, 28) .
Tissue cultures derived from legume roots, stems, and leaves have been used to demonstrate in vitro N2-fixing associations between Rhizobium and cultured plant cells (3, 13, 21 cell cultures have also been used as model systems to study physiological and biochemical mechanisms regulating compatability in plant diseases (7, 8, 15) . In particular, demonstration of the importance of Agrobacterium tumefaciens Ti-plasmid to crown gall development required an in vitro cell culture system (17) . Since R. meliloti is closely related to A. tumefaciens (12, 17, 27) and since root nodules have similarities in development to crown gall (12, 27) , the development of in vitro cell cultures derived from tumor-like ineffective nodules might offer a model system to study incompatability phenomena in the R. melilotialfalfa interaction.
The objective of this study was to develop in vitro cell cultures derived from tumor-like ineffective root nodules. To further determine the similarity of in vitro cell cultures to the ineffective root nodules from which they were derived, enzymes of nitrogen and carbon assimilation were also measured.
MATERIALS AND METHODS
Plant Material. Ineffective alfalfa (Medicago sativa L.) genotypes Mn 480(In), Mn 381 1(In), and Mn 3226(In) were propagated by stem cuttings. Cuttings were grown in pots of sand inoculated with Rhizobium meliloti and supplemented with micro-and macronutrients as described previously (11, 19) . The effective alfalfa cultivar Saranac was grown as described by Vance et al. (29) . Origin (Fig. 1) . Tumor-like nodules were removed from plants, cut into large pieces, and surface sterilized with two washes in 95% ethanol and three washes with 0.5% NaOCl (v/v) (1 min per wash), then washed with two rinses of sterile distilled H20. Nodule meristem regions (2 x 2 mm) were then excised aseptically and placed on callus initiation media (Table I) . Callus initiation was evident after 3 weeks. The absence of Rhizobium bacteria in nodule-derived callus was demonstrated by scanning electron microscopy (10, 28) and by streaking crushed callus pieces on yeast extract-mannitol agar. Callus was also initiated from the root and hypocotyl of axenically germinated seedlings of the effective cultivar 'Saranac. ' Callus from all sources was initiated on the basal medium of Murashige and Skoog (16) (10, 11) .
GDH (EC 1.4.1.2. and/or 1.4.1.4.) and GOGAT (EC 1.4.1.14) activities were measured spectrophotometrically as described by Groat and Vance (10) . GS (EC 6.3.1.2), activity was measured radiometrically according to Prusiner and Milner (20) . GOT (EC 2.6.1.1) activity was measured according to Ryan et al. (23) . PEPC (EC 4.1.1.31) activity was measured both spectrophotometrically and radiometrically as previously described for alfalfa root nodules (29) . Soluble protein in extracts was measured by the method of Lowry et al. (14) following precipitation of the protein with 7% TCA. A standard curve was constructed using BSA (12.5-87.5,ug protein).
RESULTS
Undifferentiated callus tissue was initiated with high frequency from excised meristem regions of tumor-like ineffective alfalfa nodules (Fig. 1) . The frequency of callus initiation varied according to plant genotype and to hormone concentration of the initiation media (Table I) Scanning electron microscopy of callus cells and streaking of crushed callus on yeast extract-mannitol agar demonstrated that calli were axenic.
In most instances, the fresh weight accumulation of calli on either MS 1/2 N or B was strikingly similar (Table II) (Table III) . By contrast, there were no significant differences in growth among calli derived from ineffective tumor-like nodules of the three genotypes. Also, calli derived from nodules were the least productive in fresh weight gains. Activities of carbon and nitrogen assimilatory enzymes reflected differences between the calli derived from nodules and the corresponding ineffective nodule. Generally, enzyme activity in callus tissue was greater than that in corresponding nodule tissue (Table IV) . Specific activity of PEPC from callus was higher than that in the coresponding nodule for all genotypes. Specific activities of GOT and GS in callus tissue were also higher than those in corresponding nodules except in genotype Mn 381 l(In). In all cases, nodule in vitro enzyme activity was either lower than or equal to that in the corresponding callus. In both callus and corresponding nodules, in vitro GDH specific activity was higher than GS and GOGAT specific activities.
When enzyme activity of callus derived from meristems of ineffective nodules was compared to that of callus derived from root and hypocotyl tissues (Table V) , GOT and PEPC specific activities were higher in callus derived from nodules while GO-GAT was higher in callus derived from roots and hypocotyl. Other than GDH and GOGAT, enzyme activities of callus derived from either roots or hypocotyls were higher than those in ineffective tumor-like nodules.
In contrast to in vitro PEPC specific activity, in vivo CO2 fixation in ineffective tumor-like nodules was either higher than or comparable to that in the corresponding callus tissue (Table  VI) .
DISCUSSION
Although numerous studies have documented callus initiation from various tissues of alfalfa (5, 30) , this is the first report of callus initiation from root nodules of alfalfa. Undifferentiated callus was readily initiated from the meristem region of ineffective tumor-like nodules. Developmental studies of the tumorlike nodules demonstrated that nodule meristems continued to proliferate in the absence of any visible Rhizobium bacteria (28 GOT, GS, GOGAT, PEPC, and GDH. The increased activity of callus enzymes compared with nodule enzymes probably reflects the nitrogen status of the enzyme sources. Calli growing on MS 1/2 N and B are exposed to 10.3 and 12.5 mM NH4' and 19.7 and 26.6 mm NO3; respectively. By contrast, tumor-like nodules were collected from plants grown in a soil-sand mixture without any exogenous supply of nitrogen. Previous studies (I1) demonstrated that tumor-like nodule GS, GOGAT, and GDH specific activities in plants treated with exogenous nitrogen were 16, b** Indicates significant difference between growth on the two media (P = 0.01).
5, and 56 nmol-min-' mg-' protein, respectively. These values are comparable to callus enzyme activities obtained in this study. The enzyme activity of tumor-like nodules reported herein are slightly lower than those reported previously (11, 28) . These differences probably reflect the plant nitrogen status and age and also the growth environment of the plants used in the respective experiments. Comparisons of GDH and GOT isoenzymes between callus tissue and corresponding ineffective nodule revealed few differences (data not shown). These data suggest that quantitative but little qualitative differences occur in nitrogen assimilating enzymes between callus and corresponding ineffective nodules.
TISSUE CULTURES FROM INEFFECTIVE ROOT NODULES
The suggested route for assimilation of NH4' in most plants is via the GS/GOGAT pathway (9, 22) . Yet in callus and in tumor-like ineffective nodules, GDH was several-fold higher than either GS or GOGAT. Since the concentrations of NH4' as well as NO3 are high in the tissue culture growth media, the callus GDH activity may simply reflect increased availability of NH4+. Givan (9) and Rawsthome et al. (22) have suggested that NH4+ assimilation via the GS/GOGAT functions at concentrations of NH4' much below that implicated for GDH function. Although the role of GDH in nodules has not been established, the high activity found in ineffective and senescing nodules (11, 22, 28) has been implicated in nitrogen recycling (9, 11, 22) .
While in vitro PEPC activity was substantially higher in callus tissue than in corresponding ineffective nodules, nodule in vivo CO2 fixation was either equal to or greater than that in callus. These differences may be attributable to inherent differences between nodule and callus in vitro enzyme activity and/or stability. Ting and Osmond (26) demonstrated variation between species and tissues within a species for in vitro PEPC activity. The differences in in vitro PEPC may also be a result of the previously mentioned differences in NH4' status of the two enzyme sources. This interpretation is also supported by data indicating that NH4' activates PEPC (4, 18) and data demonstrating reduced PEPC activity associated with treatments that reduce nitrogen fixation (29) . By contrast, in vivo C02 fixation probably reflects PEPC activity as well as other enzymes capable
